We propose and realize truly single-mode, single-cell photonic crystal resonators surrounded by six symmetric waveguides. The waveguides provide different parity-selective loss paths for different resonant cavity modes. We found symmetry conditions where only the hexapole mode is well confined while the other modes are severely leaky along the waveguides. Utilizing the parameters derived from this parity-mismatch principle, the hexapole-mode resonators were fabricated on InP-InGaAsP slabs. Through photopumping, we obtained the hexapole-mode laser operating in a single mode over a wide range of around 100 nm.
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It is well known that a photonic crystal ͑PC͒ is a versatile platform to build wavelength-scale devices. One of the promising applications of PCs is to make the ultrasmallcavity laser as an internal light source of photonic integrated circuits. When one air hole is blocked in an otherwise perfect two-dimensional ͑2D͒ air-hole PC lattice, photons tend to be trapped in the proximity of this discontinuity. This device is called a two-dimensional PC single-cell cavity. Up to date, various forms of PC single-cell cavities have been developed. [1] [2] [3] In every case, one could achieve both the small mode volume and the high quality factor ͑Q factor͒. Recently, low-threshold and high-speed modulation ultrasmall lasers have been experimentally demonstrated. 4, 5 However, there still remains an issue related to the single-mode operation in a PC single-cell cavity. In the case of a triangular-lattice single-cell resonator, there coexist four elementary modes; monopole, dipole, quadrupole, and hexapole mode. 6 Since the resonant modes are spectrally not very far from each other, even the single-cell resonator is liable to multi-mode operation. In reality, if one assumes that the gain width of conventional semiconductors is set to be ϳ150 nm ͑as a full width half maximum͒, all the resonant modes lie at considerable intervals within the spectrum, in most cases. Besides, their Q factors are sufficient ͑Q Ͼ 1000͒ to satisfy the lasing condition, regardless of the structural parameters. 9 Thus, if one wishes to realize truly single-mode operation, one needs to find ways to discourage unwanted modes. For instance, Park et al., introduced a moderate pedestal to suppress the modes that have a central intensity maximum. 7 However, it requires delicate control of the width of pedestal. Recently, Baba et al. introduced PC waveguides to select the specific mode in a seven-cell resonator. 8 In their work, the specific spectral range where no waveguide mode exists was exploited. In this case, the spectral range for the single-mode operation is not very wide and, therefore, we cannot guarantee whether only one resonant mode participates within this specific range.
In this study, we propose a robust design allowing a single mode in the PC single-cell cavity. In order to attain this purpose, we performed loss management based on the parity mismatch of the single-cell resonant modes and waveguide modes. We believe that this idea will provide a widerange single-mode operation as well as a flexible photonconfinement mechanism.
For a typical PC single-cell cavity shown in Fig. 1͑a͒ , the resonant frequency of each cavity mode is tuned by modifying the size of the innermost six air holes ͑rЈ͒. These holes are slightly displaced outward from the original position to increase the Q factor of each single-cell mode. 9 Particularly, the resonant frequencies of the hexapole mode and the doubly degenerate quadrupole mode are usually very close to each other. 9 Thus, it is nontrivial to separately excite just one of them.
The single-cell resonator used in this work is composed of a single-cell cavity and six ⌫-k directional PC waveguides ͓Fig. modes in the presence of the waveguides, we compared the mode patterns in the original structure and the structure with the waveguides. For this comparison, the magnetic-field profiles of the hexapole mode and doubly degenerate quadrupole modes were obtained from the three-dimensional finitedifference time-domain ͑3D-FDTD͒ method ͑Fig. 2͒. As seen from Figs. 2͑e͒ and 2͑f͒, the loss behaviors for two quadrupole modes are different from each other. One quadrupole mode ͑even͒ is lossy along all waveguides. In this case, it experiences more losses along the waveguides on the x axis. And the other quadrupole mode ͑odd͒ is lossy only along the 60°rotated waveguides. But, in both cases, it is obvious that the waveguides provide loss paths for two quadrupole modes. On the contrary, the hexapole mode seems to be unperturbed by the presence of the waveguides ͓Fig. 2͑d͔͒ under a specific condition that will be discussed later. In other words, the waveguides act as faithful reflectors for the hexapole mode. These different behaviors are ascribed to the different parity of the cavity modes along the ⌫-k, direction parallel to the direction of the waveguides. 10 For instance, the hexapole mode has an odd parity along all ⌫-k directions due to its sixfold symmetric mode pattern. On the other hand, both of quadrupole modes have an even parity along at least two ⌫-k directions. Therefore, we can claim that the loss occurs along the waveguide where the parity of the cavity mode is even. Interestingly, only the hexapole mode has an odd parity along the ⌫-k direction while all the other resonant modes have even parities along that direction. In the same analogy, the other resonant modes are also very leaky along the waveguides like the quadrupole-mode case. Now, we want to call the waveguide a parity-selective barrier. The parity-selective barrier implies that the waveguide play a role as a loss path or a mirror with high reflectivity, depending on the parity of each cavity mode.
In general, the coupling of the single-cell resonator with the waveguide relies basically upon the parity matching of the single-cell cavity mode and the waveguide mode. 10 Thus, to comprehend the former result why only the cavity modes with even parities are lossy, it is necessary to look into the dispersion relation of the PC waveguide. The dispersion curves of the PC waveguide with one missing hole, obtained from the 3D-FDTD method with periodic boundary conditions, are represented in Fig. 3͑a͒ . Here, the radius of air holes ͑r͒ is 0.35a and the refractive index of a PC slab is 3.4. The PC waveguide modes are classified into the odd and the even mode.
11 Conventionally, the mode with an odd ͑even͒ parity along the axis of a PC waveguide in terms of magnetic field is called an odd ͑even͒ mode. As depicted in Fig. 3͑a͒ , the odd mode is allowed over a narrow spectral range on the dispersion curve while the even mode tends to spread over relatively wide spectral range. As aforementioned, all cavity modes except the hexapole mode have even parities along the ⌫-k direction. Therefore, in most spectral regions, the cavity modes with even parities can couple easily to the even waveguide mode and they become lossy regardless of their frequencies. On the contrary, the hexapole mode with an odd parity couples to the odd waveguide mode in a narrow spectral range. Thus, as the frequency of the hexapole mode is well separated from the top or the bottom of the odd waveguide mode, it would not feel the presence of the PC waveguide. Under such conditions, the hexapole mode is solely encouraged while the other modes are suppressed.
To quantify the loss leaking into the waveguide, we calculated Q factors of all the elementary modes with varying rЈ by using the 3D-FDTD method ͓Fig. 3͑b͔͒. Here, r is fixed at 0.35a. As expected all the modes other than the hexapole mode are very lossy with very low Q factor ͑Ӷ500͒ regardless of structural parameters when the parity-selective barriers are introduced. On the contrary, the Q factor of the hexapole mode is even higher ͑ϳ10 000͒ than the original one as its resonant frequency moves away from the dispersion curve of the odd waveguide mode. ͑Although the original hexapole mode with rЈ ϳ 0.25a exhibits the highest Q factor, 9 the condition is not available due to the coupling with the odd waveguide mode.͒ Thus, if one chooses the rЈ less than 0.24a or bigger than 0.28a, only the hexapole mode has an enough Q factor.
Incidentally, to explain the increase of the Q factor of the hexapole mode, we obtained the intensity distribution of the wave vectors in the momentum space for the original hexapole mode and the hexapole mode with parity-selective barriers ͓Figs. 3͑c͒ and 3͑d͔͒. Even though there are no propagation losses along the waveguides, the evanescent field can penetrate into the waveguide and the mode volume increases. The slight expansion of the mode volume along a specific direction gives rise to the slight shrink of the volume in the momentum space. 12 Taking a careful look at the distributions inside the light cone in Fig. 3͑c͒ , one can see that the wave vector components vanish along the direction where the waveguides lie. This illustrates the reduction of the vertical losses into the continuum air mode.
Based on the simulation results, we fabricated the hexapole-mode resonators on InP-InGaAsP free-standing slab structures. Seven pairs of InGaAsP quantum well emitting near 1.5 m were used as an active material with thickness of 302 nm. The PC patterns were defined by an electron-beam lithography on the poly͑methylmethacrylate͒ ͑PMMA͒ and the PMMA was heated up to 125°C after development for smooth surfaces. Air holes were perforated by Ar/ Cl 2 chemically assisted ion-beam etching using the PMMA mask. Then, the InP layer beneath the InGaAsP quantum well was selectively dissolved with a dilute HCl solution to form a free-standing structure.
Various samples with different rЈ were fabricated by lithographic tuning while r fixed at approximately 0.35a. Here, the lattice constant ͑a͒ is about 430 nm. According to the simulation result ͓Fig. 3͑b͔͒, there are two separate structural conditions that allow only the hexapole mode to have a high Q factor ͑rЈ Ͻ 0.24a or rЈ Ͼ 0.28a͒. To obtain the higher gain and reduce the nonradiative surface recombination, we chose the region with the smaller rЈ. The fabricated sample was pulse pumped by an external 980 nm laser diode at room temperature. The pulse width was 10 ns and the duty cycle was set to be 0.5% to avoid thermal heating. From photoluminescence experiments, only the hexapole modes were observed while the other modes were buried in the spectrum owing to severe losses. The hexapole mode gradually moves to a shorter wavelength without mode hopping ͓Fig. 4͑a͔͒. This is the direct consequence that this device operates in a true single mode. The spectral range of the single hexapolemode operation was around 100 nm. In this case, the range is determined by the lower edge ͑in the unit of normalized frequency͒ of the photonic band gap and the cutoff frequency of the odd waveguide mode. It is worth pointing out that all the modes other than the hexapole mode were sufficiently suppressed and never lased over the entire spectral range of interest. The minimum threshold value of the hexapole-mode laser was 0.1 mW as a mean power ͓Fig. 4͑b͔͒. We believe that this relatively low threshold value is partly attributed to the high spontaneous emission factor deduced from the result of suppressing unwanted modes. To identify the lasing mode, we recorded the mode image ͑close to near-field image͒ using a ϫ 50 objective lens and InGaAs two-dimensional detector arrays ͓the inset in Fig. 4͑b͔͒ . The lobes around the single-cell cavity and the central intensity minimum represent the signature of the hexapole-mode pattern, although the six distinct lobes were not observed clearly on account of the limited resolution of the lens. 13 These observations promise the possibility of the current flow through a central thin wire to activate the laser electrically.
14 Furthermore, the six waveguides are also expected to be efficient pathways for the current injection. Thus, this structure can be a strong candidate for the electrically operated ultrasmall laser.
In summary, a single-cell PC laser with a wide singlemode operation range ͑ϳ100 nm͒ was experimentally demonstrated. The six waveguides surrounding the single-cell cavity were introduced as parity-selective loss paths. The mode-selection mechanism relying upon the parity mismatching of the cavity and the waveguide mode can be generally utilized in other PC structures to suppress unwanted modes. High spontaneous emission factor, the efficient current injection through the waveguides, and the large pedestal for the hexapole-mode will be of importance to develop efficient electrically operated laser devices. This work was supported by the National R&D Project for Nano Science and Technology in Korea and a Grant from the Ministry of Science and Technology ͑MOST͒ of Korea.
